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Abstract 
A simple experimental method to measure the mutual diffusion of molecular solutes in a micro-fluidic system has been 
developed. A surface plasmon resonance spectrometer measures the refractive index of a sample along the time, and thus the 
solute concentration can be calculated. From both, Fick´s diffusion length approach and Taylor pulse dispersion, solute and 
solvent diffusivities can be also obtained. Diluted alcohol-water and concentrated protein solutions were investigated. Both, the 
dynamic behavior and geometry effects of molecular transport have been explored numerically for the 3-dimensional case. 
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1. Introduction 
The mutual diffusion coefficient is one of the most important transport parameters for many physicochemical 
and physiological processes, where it can be used on the direct estimation of molecular weight [1]. It is strongly 
affected by the chemical composition of the solvent, temperature and solute concentrations. For many materials, 
reliable quantitative data are not available, since measurements are technically demanding. The Taylor diffusive 
dispersion analysis [2] has been widely employed as the bases for experimental exploration. The various measuring 
methods, like flow field-flow fractionation and light scattering [3], are complex or inconvenient for routine use.  
Two different experimental approaches for mutual diffusion coefficient measurements are presented here: firstly, 
use of an initially rectangular solute concentration profile passing through a micro-fluidic cell. The associated 
temporal variation of the refractive index, whilst taken at the limit of disappearing flow velocity, is attributed, 
primarily, to diffusive materials transport in the cell. It is optically recorded by an attached surface plasmon 
resonance (SPR) spectrometer. The optical sensing principle and its integration with a micro-fluidic cell have been 
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 described earlier in [4]. The cell response time until signal saturation and equilibrium are established, thus provides 
a direct measure for the solute diffusion coefficient. 
 
 
Fig. 1. Experimental set-up using a commercial SPR integrated to a DSP processor and a computer. 
Secondly, use of Taylor pulse dispersion method. Here, diffusive spreading of an initial δ-pulse solute 
concentration profile, during transport of the solution under investigation, from its reservoir, through a long tube to 
the micro fluidic cell, as shown in Fig.1, dominates the dynamic characteristics.  
As application examples, both, diffusive transport behavior, of the protein bovine serum albumin (BSA), in 
aqueous solution, and of an alcohol-water mixture, are presented, comprising orders of magnitude difference in D, 
between both molecules. A numerical analysis of the material transport behavior, using the partial differential 
transport equations under consideration and a multi-physics software package, fully supports our experimental 
findings. 
2. Theoretical aspects 
Flow conditions to and within a micro fluidic cell are well described by Navier-Stokes and convective diffusion 
equation.  The materials specific transport parameter considers the translational mobility of molecules, driven by 
and varying with pressure, temperature and concentration gradients or, more general, by differences in the chemical 
potential. While self-diffusion treats their individual motion in a medium of identical or similar molecules, mutual 
(inter) diffusion represents a rather collective property that determines how fast two different components are mixed. 
At the asymptotic limit of vanishing flow speed, v
r
, convective diffusion reduces to Fick’s diffusion equation. 
While there is yet no general approach available, regarding a full analytical treatment of convective diffusion, 
solutions to Fick’s equation, along with appropriately defined boundary conditions, are well established. The exact 
initial conditions, regarding the molecular concentration distribution in the flow cell under consideration are a priori 
not exactly known. Furthermore, at the asymptotic limit 0→vr , the total cell (transient) response rise time, where 
the convective part is included (∆τtot =∆τD +∆τCV ), reduces to the response time ∆τD, solely determined by diffusive 
transport. This quantity thus represents the time span until equilibrium is reached, and a homogeneous solute 
distribution is established between parallel micro fluidic cell walls with distance H. One wall is acting as the sensing 
surface of an attached SPR spectrometer, with the sensing range extending about 0.5 mm into the flow cell. With the 
symmetric boundary conditions at the flow cell walls at distance H, the diffusivity thus determines in the 1-dim case 
from the signal rise time ∆τD to [2]. 
D
HD
τ∆
≈
16
2
          (1) 
This equation thus provides direct experimental access to the molecular transport coefficient from the dynamic 
flow cell characteristic. 
Alternatively, for verification and confirmation of the aforementioned approach, the dynamic characteristics of 
dispersive diffusion can be employed. Under laminar flow conditions, along with an initially ideal δ-pulse solute 
 1099–1102 1100 F.C.C.L. Loereiro et al. / Procedia Chemistry 1 (2009) 
 concentration profile injected at the flow cell entrance, the initial profile eventually may transform into an 
approximately symmetric Gaussian shape towards the center of the flow cell. As shown below, numerical finite 
element calculations have been performed in this work to address and quantify this feature. 
Here, for a solute in an aqueous solution, transported during a time period, t, from the solution reservoir to the 
micro fluidic cell through a long tube of internal radius R0, an initially δ-pulse shaped solute concentration profile 
slowly changes and broadens into an approximately Gaussian type concentration distribution. According to [2], its 
variance (∆tB)2 , recorded by the change of the refractive index of the solution at the surface plasmon spectrometer 
while passing through the micro fluidic cell, can be expressed as: 
2
0
24 Bt
tRD
∆
≈            (2) 
3. Micro-fluidic flow and molecular transport simulations 
Finite element method-based simulations using a commercial multi-physics software package [5] have been 
developed to combine the Navier-Stokes and convective-diffusive equations for a 3 dimensional approach. The 
energy equations are neglected in our model and thus any heat transfer, between the fluid and solid wall, is 
considered. Furthermore, the body forces on the fluid and the temperature effects on the fluid properties are also 
neglected.  
The boundary conditions are assumed as vi = 0 and pi = 0, where vi and pi is the velocity and pressure for each i-
node of the computational fluid domain, respectively. The no-slip condition is true except for the inlet and outlet 
boundaries of the Navier-Stokes equation. From the mass transfer model, the inlet refers to the pulse, the output is 
the convective flow and the other boundaries are insulations. The convective diffusion equation uses the calculated 
field velocity by using the incompressible Navier–Stokes equation. The flow cell mesh consists of 7218 elements, 
where the prismatic element mesh pattern was employed. It comprises a coarse spatial node resolution of 1µm, near 
the cell wall, and a higher node resolution by a factor of 10 towards the center region. The results are shown in Fig. 
2 a-b, using Taylor’s dispersion method, for 5% ethanol and 10% Bovin Serum Albumin (BSA) aqueous solutions, 
respectively. 
 
 
Fig. 2 – Simulation results of Taylor’s δ-pulse for: a) 5% ethanol and b) 10% BSA aqueous solutions 
4. Results and discussion 
Initially, the diffusion coefficient of water-ethanol mixture, using 5% ethanol (0.852346 mol/L), was determined 
by direct measurement, at a flow rate of 140 µl/min. The set-up for the experiment was already described, in [3]. 
The transient response times, ∆τ, of the refractive index variation, until the concentration equilibrium is established, 
was measured, and each value was taken as a medium of 10 (ten) measurements. The temporal concentration 
variation obtained in function of flow rate is ∆c/∆τD=0.0102·f+0.0355 [4]. For zero flow rate, the ∆c/∆τD = 0.0355 s 
was obtained, leading to ∆τD =24.28 s. The diffusion coefficient was calculated by Fick’s low equation (eq.3), 
determining D = 0.65·10-9 m²/s, for the diffusion coefficient of ethanol-water solution at a temperature of 26ºC.  
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 As the Taylor method applies to solutes with slow and fast diffusion, D has also been determined by this method 
with the same 5% ethanol-water solution as shown in Fig. 3a, for comparison. In the Taylor experiment a pulse of 
5% ethanol was injected into water flowing slowly, at 140 µl/min, through a narrow capillary of 0.76 mm diameter. 
Due to the superposition of a laminar flow profile and the radially induced molecular diffusion the pulse is 
dispersed, leading to an approximate Gaussian distribution, as shown in Fig.3. The time tB, taken at FWHM, 
determines to 81s, the transport time t, through the tube, to 682 s, as indicated in the figure. Thus according to 
equation (5), the mutual diffusivity of 5% ethanol in water calculates to D=(0.625 +/- 0.3.·10-9) m²/s. It agrees with 
the value obtained from the micro fluidic method, described before, within the error margin. 
The same Taylor method was applied for determination of mutual diffusion coefficient of an aqueous 10% (0.4 
g/l) BSA, Fig. 3b. In this case, tB, as taken at FWHM, determines to 246 s, and the transport time, t, to 652 s, as 
indicated in the figure. The BSA diffusivity calculates to (6.48 +/- 0.6)·10-11 m²/s. These results compares with 
literature data that range from 5.8 to 6.44·10-11 m²/s for BSA. 
 
 
Fig. 3 – Experimental results of Taylor’s δ-pulse for: a) 5% ethanol and b) 10% BSA aqueous solutions 
5. Conclusion 
A rapid, simple and precise direct method for measuring mutual diffusion coefficients was developed. Through 
the use of an optical SPR sensor, it can make direct measures, without labeling interferences. As applications 
examples, diluted ethanol-water and concentrated protein BSA solutions diffusion coefficients have been measured. 
For comparison, the Taylor dispersion method approach was applied. A numerical analysis of the material transport 
behavior has been made as a support for the experimental findings. 
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